ABSTRACT: This research uses the concept of propagule pressure (number of individuals introduced and number of introduction attempts) to investigate human-mediated bioinvasion patterns. We quantified diatoms in the sediments of ballast tanks of commercial ships arriving on both Canadian coasts during 2007 to 2009. Diatom cell concentrations varied from non-detected to 10 5 cells g -1 wet weight (10 11 cells per tank). Although the lowest values were often found in tanks that underwent ballast water exchange, the highest concentrations (10 9 to 10 11 cells per tank) were detected in all voyage categories: transoceanic with ballast exchange (TOE), and intra-coastal with exchange (ICE) and without exchange (ICU). For the west coast, 36% of tanks carried detectable quantities of diatoms and there was no statistical difference between ship categories. For the east coast, 60% of tanks contained diatoms; ICU represented a bioinvasion pattern based on more frequent events with consistently lower cell concentrations, whereas ICE and TOE corresponded to less frequent events, though more variable in cell concentrations. Diversity reached 40 taxa per tank, including resting stages and cells that were supposedly growing vegetatively. New records may lead to introduction hypotheses that ought not to be accepted uncritically. Cell viability was tested using the vital stain fluorescein diacetate; parallel counts of protoplasm integrity and chlorophyll autofluorescence revealed that all 3 indicators gave results within the same order of magnitude. Inoculation of 0.2 to 0.5 ml of the slurry into culture media led to the growth of diatoms, even of taxa not initially detected. Within 7 d, cultured assemblages reached cell concentrations equivalent to 1.8 to 4.4 doublings of the original inoculation.
INTRODUCTION
Propagule pressure -that is, the number of individuals introduced and the number of introduction attempts -is a concept initially developed for organism dispersal by natural mechanisms that has provided consistent explanations for the outcomes of humanmediated bioinvasions in aquatic systems across taxa and locations (e.g. Ruiz et al. 2000 , MacIsaac et al. 2001 , Colautti et al. 2006 . Other determinants of establishment success such as species-and habitatbased factors are also valuable but often make bioinvasion appear idiosyncratic (Lockwood et al. 2005) . The predictive strength of the propagule pressure concept has led to initiatives for the prevention and control of the introduction and dispersion of non-indigenous species (NIS) (Wonham et al. 2005 , Reaser et al. 2008 . It has been incorporated into the research themes of the 'Canadian Aquatic Invasive Species Network' (CAISN, www.caisn.ca) and is playing a central role in demonstrating shipping to be the most important vector supply of NIS to and between marine and freshwater systems in North America (Ruiz et al. 2000 , Ricciardi 2001 .
A wide range of organisms are transported in ship ballast tanks (e.g. Medcof 1975 , Carlton 1985 , Carlton & Geller 1993 , Galil & Hülsmann 1997 , Drake et al. 2007 and, among the microalgae, diatoms and dinoflagellates are well represented in abundance and diversity (e.g. Hallegraeff & Bolch 1992 , Marangoni et al. 2001 , Forbes & Hallegraeff 2002 , Burkholder et al. 2007 , Klein et al. 2009a . Dinoflagellates have been a frequent target of more in-depth investigation (Hallegraeff & Bolch 1992 , Rigby & Hallegraeff 1994 , Hamer et al. 2000 , 2001 , Pertola et al. 2006 . This is mostly due to a valid perception of the survival advantage of cyst-forming species under the adverse conditions found in ballast tanks, as well as being a repercussion of case studies of toxin-producing species known to impact fisheries and aquaculture, whose bioinvasion histories have been charted based on paleontological records and/or molecular evidence (McMinn et al. 1997 , Scholin 1998 , Doblin et al. 2004 . Diatoms also figure in well-known cases of human-mediated introductions suggested by the recent appearance of a species in an extensively-surveyed area. Introduction can be inferred with confidence in the case of large and distinct species that could not have been overlooked for long had they been present in detectable quantities: e.g. Odontella sinensis (Ostenfeld 1908 cited in Hallegraeff & Bolch 1992 , Thalassiosira punctigera (Kat 1982) , and Coscinodiscus wailesii, whose blooms in their introduced areas produced excess mucilage that clogged fish nets (Boalch & Harbour 1977) and were associated with sharp decreases of phytoplankton and zooplankton populations .
Developing robust human-mediated introduction hypotheses for microalgae is, undeniably, not trivial (Smayda 2007) . In addition to understanding modes and pathways of introduction, it ideally requires comprehensive historical assessments of local floras as baselines of reference, paleontological records at least for those organisms that are preserved in the sediment, and the appraisal of cryptic diversity by molecular methods. Without standardized criteria to substantiate introduction hypotheses, newly detected microalgae can be subjectively perceived and categorized as 'new records' (e.g. Martin & LeGresley 2008) , 'cryptogenics' (sensu Carlton 1996) , or 'NIS'. Despite these shortcomings, the modest list of non-indigenous diatoms mentioned above illustrates the main paradigm of bioinvasion by ship ballast tanks: individuals of species need to outlive several 'filter barriers' from the donor to the receiving area (stay alive through ballast uptake, transport, deballast, and establishment); only a handful of those surviving taxa may cause ecological and/or economic distress that can be operationally detected and, hopefully, quantified (Carlton 1985) . Diatoms, similar to many other microorganisms, readily multiply vegetatively under favourable conditions. Within a ballast tank, microalgae can be found in contiguous compartments, that is, in water, sediment and biofilm (Drake et al. 2007 ). The assemblages in the ballast water have been most intensively examined by far, especially to investigate overall survival as a function of voyage time (e.g. Kelly 1993 , Olenin et al. 2000 , McCarthy & Crowder 2000 and/or the efficacy of midocean ballast water exchange as a method to minimize the translocation of NIS (e.g. Rigby & Hallegraeff 1994 , Villac et al. 2001 , McCollin et al. 2007 , Taylor et al. 2007 , Klein et al. 2009a . The few studies that included ballast sediments confirmed the occurrence and/or germinating potential of dinoflagellate cysts and/or diatoms (Hallegraeff & Bolch 1992 , Kelly 1993 , Rigby & Hallegraeff 1994 , Hamer et al. 2000 , 2001 , Villac et al. 2001 , Waters et al. 2001 , Pertola et al. 2006 . The ability of diatoms to survive the adverse conditions of ballast tanks (darkness, anoxia, fluctuating salinity, temperature and nutrient availability) does not come as a surprise. Formation of resting spores or resting cells (the first with morphological differentiation from vegetative forms) is a known survival strategy for diatoms (reviewed in McQuoid & Hobson 1996) , among other physiological competences such as enzyme production for energy storage and the uptake of reduced carbon (discussed in Klein et al. 2009b) .
Estimating the composition and abundance of viable diatoms in ballast sediments has conceptual and methodological implications. For the sake of simplicity, let's consider that a 'live cell' equates to a 'viable cell'. In reality, the expression of viability (as in the ability to multiply, for example) can vary with environmental conditions and the physiological basis of phytoplankton cell death is not fully understood (Franklin et al. 2006) . Evidence shows that automortality (or natural cell death) takes place in successive stages: (1) compromised cell membranes, (2) degradation of photosynthetic pigments, and (3) fragmentation of genomic DNA (Veldhuis et al. 2001) . For logistical reasons, most quali-quantitative phytoplankton studies, either from the natural environment or from ballast tanks, are based on preserved samples. In such cases, the method used to determine which cells were alive at the time of sampling (often implying viability) is to consider those with an intact protoplasm as visualized with a transmitted light microscope or, if an epifluorescence microscope is available, the autofluorescence of the chlorophylls. In both cases, a dying cell with chloroplast(s) still fluorescing and/or with intact protoplasm may be erroneously regarded as viable. To address this drawback, several stains have been used in cell viability assays and one in particular, fluorescein diacetate (FDA), seems promising as an indicator of living phytoplankton despite cases of false negatives (Garvey et al. 2007 and references therein). Only cells with an intact cell membrane fluoresce green when stained with FDA; viability is thus determined before these stages of cell death take place.
The study of the sediments that accumulate on the bottom of ballast tanks presents additional challenges: (1) difficult access for direct sampling, (2) sample preparation to separate organisms from mineral particles and (3) interpretation of species composition, since the assemblages represent a composite of populations taken up in a number of ballasting operations in different bioregions and accumulated for days to months at a time. Management procedures specific for sediments are required only when cleaning or repair of ballast tanks occurs, in which case reception facilities should be available for the final disposal of sediments (IMO 2004) . During routine operations, however, present voluntary and mandatory ship ballast management options are mostly centered on reducing the load of NIS discharged in ballast waters through mid-ocean exchange and/or water treatment on-board (Gollasch et al. 2007 ). Although it is fair to assume that organisms in the re-suspended sediment are also killed by onboard ballast water treatment, large quantities of residual biota and sediment accumulate on the bottom of the tanks and remain unpumpable (e.g. Hallegraeff & Bolch 1992 , Galil & Hülsmann 1997 , Villac et al. 2001 , Bailey et al. 2007 ). The risk of introducing NIS that accumulate in the sediments was demonstrated by increasing bioinvasion events in the Laurentian Great Lakes associated with no-ballast-on-board (NOBOB) ships (Ricciardi 2001) . Until 2006, NOBOB ships were not required to carry out any type of ballast management before entering the area and, once in the system, were allowed to perform routine ballast/deballast procedures (Transport Canada 2006) in those presumed safe tanks in which, in fact, organisms in the sediment were resuspended and discharged (Bailey et al. 2007 ).
The present study is part of the CAISN program and, therefore, our access to ballast sediment samples from commercial ships was greatly facilitated. Consistent with the terminology adopted by CAISN which, in turn, reflects the various 'filter barriers' of bioinvasion mentioned above, our short-term objectives were (1) to assess the actual propagule pressure of diatoms present in the sediment of ballast tanks upon arrival at Canadian ports (or 'how much and what arrives alive?'); and (2) to assess the effective propagule pressure of diatoms present in the sediment of ballast tanks after incubation and cell growth under controlled laboratory conditions (or 'what and how much grows after arrival?'). This study presents quantitative diatom data from sediments collected in ballast tanks (largely lacking in published records) that can be incorporated into our developing understanding of patterns of bioinvasion by microorganisms mediated by shipping.
MATERIALS AND METHODS
Collection and screening of samples. A total of 118 samples were taken during 2007 and 2008 from ships that came to Canadian ports on the west coast (WC, 70 samples) and the east coast (EC, 48 samples). Sampling was carried out in one tank per ship, after water deballast. The sediment was manually collected from different parts of the tank, homogenized in a bucket, and ca. 200 ml was preserved with 20 ml Lugol's solution, and stored refrigerated in the dark until analysis. Two smears per sample of this sediment were examined using light microscopy. Those samples with at least one diatom cell with normal, intact protoplasm were selected for detailed microscopic study. Samples with frustules packed with dark-brown amorphous content were also selected; such dead cells were used as indicators of the potential presence of live ones. In addition, 12 live samples (not preserved with Lugol's solution) were taken in the same manner from ships that came to the EC in 2009, stored refrigerated in the dark, immediately shipped to the laboratory, and processed 3 to 4 d after collection. A total of 130 samples (both preserved and live) were inspected, 66 of them in detail (28 WC, 38 EC; Tables 1 & 2) .
Retrieving diatoms from the sediment. Retrieval was based on density gradient separation by centrifugation, modified for diatoms from methods proposed to recover live dinoflagellate cysts by Blanco (1986) and Bolch (1997) . The former used the colloidal silica solution Ludox whereas the latter used sodium polytungstate (SPT). Optimization took into account the specific density of diatoms which is similar to that of silica-rich minerals in the diatom frustule, since preserved cells no longer have buoyancy mechanisms in place. Both solutions can be used with preserved samples treated with milli-Q water without disrupting the cells; only SPT was used with live samples because Ludox may be toxic to some organisms and tends to react with seawater to form a thicker gel (de Jonge 1979) . Preliminary tests indicated the use of Ludox TM-50 at density of 1.4 g ml -1 for lighter sediments, up to 1.41 g wet weight (ww), and SPT at density 2.2 g ml -1 for heavier sediments (data not shown). The step-by-step procedure followed more closely that described by Bolch (1997) , starting with 1 ml of sediment, applying the gradient technique to the 10-100 µm fraction, and saving both retrieved diatoms and pelleted sediment for analysis. Two subsamples taken from an untreated sample could be processed in ca. 1 h. The 10 to 100 µm fraction was selected because the upper limit excluded large mineral particles, but still allowed the passage of most diatoms; the lower limit is in accordance with international standards for ballast water management (regulation D-2, IMO 2004) that permits deballasting of given numbers of organisms by size classes, with ≥10 µm being the lowest limit except for bacteria of concern for human health.
Microscopic evaluation of preserved samples. The Utermöhl technique (Hasle 1978 ) was used for cell counts and initial identification. Only cells of ca. 5 µm and larger, with intact protoplasm and distinct chloroplasts, were taken into account (400 × final magnification). A minimum of 300 cells were counted to achieve a 95% probability of finding a species that comprised 1% of the population (Shaw 1964) ; for samples that did not reach this threshold, at least half of the Utermöhl chamber was inspected. Light microscopy counts were done in duplicate, that is, 2 subsamples were independently processed by gradient centrifugation and average numbers are reported. Preliminary tests indicated that increasing the number of subsamples up to 4 did not consistently reduce the error estimated with 2 subsamples (data not shown). The sediment pellets were inspected with Sedgewick-Rafter chambers and an upright light microscope to further assess the efficiency and reproducibility of the gradient centrifugation method. Total propagule number was the sum of cells found in both fractions. Detailed taxonomic analysis was done with scanning electron microscopy using a JEOL JSM-5600 operating at 10 kV and 8 mm working distance, for which preparations followed the method described in Kaczmarska et al. (2005) .
Live cell counting techniques. Six of the 12 live samples (EC-105 to EC-110) were processed by gradient centrifugation to retrieve diatoms using SPT and sterile filtered seawater (3 to 4 preparations per sample). Detection of viable cells using the FDA stain was done according to Garvey et al. (2007) with a few modifications. Subsamples (2 ml) of each preparation were incubated with FDA (2.0 µg ml -1 , final concentration) for 10 to 20 min in cool dark conditions. FDA-stained cells were counted by epifluorescence with a filter set that allowed for the excitation and emission of the stain while blocking interfering emissions from chlorophylls (Zeiss set 10: excitation 450-490 nm, beam splitter 510 nm, emission 515-565 nm). Sedgewick-Rafter chambers were used under 200 × final magnification; 25% of the chamber was inspected. Only cells that could be recognized as unambiguously fluorescing bright green were counted. Each count lasted ca. 60 to a maximum of 90 min due to constraints determined by the stain. The goal was to reach at least 100 cells; in practice, some counts reached only ca. 40 cells (due to sparsity of live diatoms); thus the need to count and average 2 subsamples for such preparations. Aliquots of the same preparations were preserved with glutaraldehyde (2.5% final concentration) for additional, independent enumeration of cells showing autofluorescence of the chlorophylls (Zeiss set 9: excitation 450-490 nm, beam splitter 510 nm, emission 515 nm) and protoplasm integrity (transmitted light) with the same counting effort (25% of the chamber). These additional counts were performed after 20 to 30 d so as to simulate the common circumstances when ballast samples are not readily available for processing in the laboratory.
Growth experiment. For another set of 4 live samples (EC-113 to EC-116), 4 subsamples of 1 ml each were rinsed with sterile filtered seawater through a 100 µm sieve. The material was retrieved onto a 10 µm sieve and re-suspended in a test tube with 20 ml of sterile filtered seawater. The resulting slurry was used for cell counts performed with FDA as described above, which was possible because the signal was strong enough, despite the amount of detritus in the background. The one FDA-subsample with the cell count closest to the average cell concentration for that sample was chosen for a growth experiment. A known volume (0.2 to 0.5 ml) was inoculated into 3 ml of culture media (Guillard f/2, salinity 26 psu) in a 12-well tissue plate and incubated for 7 d (20 ± 1°C, ca. 36 µmol photons m -1 s -1
). Each sample was inoculated into 6 wells; 3 of them were counted on Day 1 and the other 3 on the Day 7. Growth was calculated as doubling times from K = log (N Day7 /N Day0 ) (3.322/t), where N is the average cell count and t is the growth period in days (Guillard 1973) . In addition, this same growth experiment was done with the live material from EC-105 to EC-110, although the starting point was 1 sieved subsample that did not necessarily represent the average cell count of the sample. Attempts to grow diatoms from the samples previously processed with SPT were unsuccessful (zero growth) despite the chemical having being shown to be non-harmful to dinoflagellate cysts (Bolch 1997) .
Statistical analysis. In our statistical inferences, the 'reduced data set' refers only to samples in which live diatoms were detected, whereas 'complete data set' refers to all samples analyzed starting with the initial screening by the smear preparation, including those in which possible live diatoms were below our detection level (thus considered equivalent to zero live diatoms found). Ships that reached the WC and EC ports were divided into 3 categories: transoceanic with ballast exchanged (TOE), intra-coastal with ballast exchanged (ICE), and intra-coastal with unexchanged ballast (ICU). Possible differences across ship categories (at 95% confidence) were tested by 1-way ANOVA with an additional Welch test to account for unequal sample size. Data were transformed using log(x + 10) to achieve normal distribution. When the null hypothesis of equal means was rejected, a Bonferroni post-hoc test was performed to further detail a pattern; when assumptions of ANOVA were invalid or suspect, the nonparametric median test for k-independent samples (PASW ® Statistics18) was applied. The pairwise comparison between indicators of cell viability (FDA, autofluorescence and protoplasm) was performed using the non-parametric Mann-Whitney U-test.
Methodological insights regarding the reproducibility of results, detection level, effectiveness of prescreening with smears, the recovery efficiency of diatoms by gradient density centrifugation, and potential impediments in the successful use of STP (the solution for gradient density) and FDA (the vital stain) are available in the supplement at www-int-res.com/ articles/supp/m425p047_supp.pdf.
RESULTS

Propagule numbers and species composition
Of the 54 preserved samples selected for detailed analysis, only 5 did not have any cells with intact protoplasm (Tables 1 & 2 ). In the remaining of the samples, preserved and not preserved, the concentration of live diatoms varied from 56 to 4.6 × 10 5 cells g -1 ww (mean ± SD 2 × 10 4 ± 7 × 10 4 cells g -1 ww); 16% of them were above average and 51% in the 10 3 range (Tables 1 & 2 , Fig. 1 ). When extrapolated to the whole amount of sediment estimated for each tank, diatom cell concentration varied from 6 × 10 5 to 1.5 × 10 11 cells per tank (average: 6 × 10 9 ± 2 × 10 10 cells per tank); 11% of these samples were above average and 59% in the 10 7 to 10 8 range (Tables 1 & 2 , Fig. 2) . Calculations of the amount of sediment per tank was based on direct observations of sediment depth and percent cover inside ballast tanks, combined with their respective architectural diagrams (provided by and according to Briski et al. 2010) . The ranking of certain ships changed when data were transformed from cells g -1 ww to cells per tank (compare Figs. 1 & 2) . For example, both WC-27 (Table 1) and EC-83 (Table 2) had relatively lower concentrations in terms of cells g -1 ww and higher concentrations in terms of cells per tank. A further extrapolation to cells per ship based on total number and volume of tanks in a given ship indicated EC-83 as transporting the highest diatom concentrations of all ships investigated (1.6 × 10 12 cells; Table 2 ). In the results and discussions that follow, we will consider cells per tank as a more accurate estimate of propagule pressure, since inter-tank variability has been demonstrated for dinoflagellates in the sediments (Hamer et al. 2000) and phytoplankton in the water (Burkholder et al. 2007 ).
The detailed taxonomy of some taxa grouped at the genus or family level (see Table 4 ) is in progress so that the assessment of species richness is currently underestimated. The number of taxa per tank varied from 1 to 40 (average of 14 ± 10 taxa). Of the 28 samples that had concentrations ≥ 2 × 10 8 cells per tank (the median value), 33% had over 20 taxa per tank (Fig. 3) . ICE ships that came to both WC and EC stood out as having lower average number of taxa (respectively, 9 ± 51 Fig. 1 . Distribution of cell concentration (g -1 wet weight, ww) for Canadian west and east coasts (only the 61 samples in which diatoms were detected are included in the analysis). Dotted lines indicate detection levels (%) of the taxa in a sample, as determined in Shaw (1964) . For example: samples on and above the top line were those in which a minimum of 300 cells were directly visualized and counted to achieve a 95% probability of finding a species that comprised 1% of the population (as indicated on the right side of the figure). The subsequent lines correspond to samples with lower cell counts and their respective detection levels (3%, 6%, 30% and 50%) at the same 95% probability of occurrence. See 'Results: Propagule numbers and species composition' for comments about the samples noted as WC-27 and EC-83 in comparison to their position on 9 and 11 ± 10 taxa) than ICU ships (respectively, 17 ± 11 and 24 ± 11). For TOE ships, species richness in EC samples was lower (11 ± 10 taxa) than in WC samples (16 ± 10 taxa).
Actual and effective propagule pressure
For the WC, depending on the type of ship (ICU, ICE, TOE), 32 to 43% of the samples carried diatoms at cell concentrations detectable by our methods (Table 3) . Average diatom cell concentrations were lower in the ICE ships (4.3 × 10 8 cells per tank), followed by the TOE ships (4.3 × 10 9 cells per tank) and ICU ships (5.8 × 10 9 cells per tank), although these differences were not statistically significant (Table 3 , Fig. 4a ).
For the EC, diatoms were found in 41 to 100% of the samples, that is, in all 17 tanks of ICU ships, but only in 9 samples from 22 TOE ships and in 10 of 21 samples from ICE ships (Table 3) . In contrast to the WC, propagule pressure to the EC had different statistical interferences depending on whether the complete data set or the reduced data set were analyzed (Table 3 , Fig. 4b ). When all samples were considered (n = 60), ICU ships significantly differed from ICE and TOE ships: the first had consistently lower average cell concentrations (6 × 10 8 cells per tank, smaller standard error) whereas the other 2 had more variable and higher average cell concentrations (respectively, 9 × 10 9 and 5 × 10 9 cells per tank, larger standard errors). Once a tank was recognized as carrying diatoms (n = 36), there was no significant Inventory of only those taxa that could be readily identified with fluorescence Table 2 . Sediment samples collected in ballast tanks of ships that reached different ports on the Canadian east coast (EC) and selected for detailed microscopic analysis (see 'Materials and methods: Collection and screening of samples'). Ship categories are transoceanic with ballast exchange (TOE), intra-coastal with ballast exchange (ICE), and intra-coastal with unexchanged ballast (ICU). Cell concentrations are based on protoplasm integrity, unless otherwise noted. Amount of sediment per tank and sediment per ship provided by E. Briski (estimated as in Briski et al. 2010) . ww: wet weight centrations were increasingly higher from FDA fluorescence to chlorophylls autofluorescence to protoplasm integrity, though within the same order of magnitude. Based on the Mann-Whitney U-test applied to mean values (n = 6; Fig. 5 ), the difference between FDA and protoplasm was marginally significant (p = 0.016), but the differences between FDA-autofluorescence and autofluorescence-protoplasm were not statistically significant (respectively, p = 0.055 and p = 0.34). The inoculation of small aliquots (0.2 to 0.5 ml) of the original slurry into culture media led to the growth of diatoms. Within 7 d, the total assemblage reached cell concentrations equivalent to 1.8 to 4.4 doublings of the original inoculation numbers (Fig. 6) . Species that grew under our laboratory conditions are noted in Table 4 ; some of them were not detected in our initial examination (Ditylum brightwellii, Leptocylindrus danicus, Mediopyxis helysia). The detection level of the initial counts for these samples reached taxa that represented 3 to 6% of the assemblage (10 3 cells g -1 ww, Fig. 1 ) and these species were likely present below this threshold; given favourable growth conditions, they rapidly multiplied vegetatively.
DISCUSSION
This data set, to the best of our knowledge, is the first report where (1) propagule numbers of diatoms are estimated for a large array of ballast tank sediments; (2) actual propagule pressure is assessed by the frequency and magnitude of diatom transport, differentiating ships that performed (or not) ballast water exchange en route; (3) in vitro growth rates of diatoms recovered from tank sediments are used to ascertain effective propagule pressure; and (4) indicators of cell viability are compared for microalgae recovered from sediment samples.
Propagule numbers and species composition
Quantitative information about microalgae in ballast sediments is largely lacking and offers maximum estimates lower than average values found in the present study: a total of 10 2 diatom spores ml -1 (Villac et al. 2001 ); ca. 9 × 10 3 total dinoflagellate cysts ml -1 (Hamer et al. 2001) ; 3 × 10 8 Alexandrium tamarense cysts per tank (Hallegraeff & Bolch 1992) . Sampling efforts for dinoflagellate cysts are equivalent (Hamer et al. 2001, n = 113 Table 3 . Descriptive statistics of total concentration of diatom cells per tank for the samples collected in west coast (WC) and the east coast (EC) ports, according to ship categories: transoceanic with ballast exchange (TOE), intra-coastal with ballast exchange (ICE), and intra-coastal with unexchanged ballast (ICU). For each ship category, statistics are shown for the complete data set (all samples collected) and for a reduced data set (only samples with live diatoms detected). nd: live diatoms not detected tanks) or superior (Hallegraeff & Bolch 1992 , n = 343 tanks) to ours. High relative contributions of diatoms in the sediments probably mirror the composition of the assemblages most often found in the ballast waters, with or without offshore exchange (e.g. , McCollin et al. 2007 , Burkholder et al. 2007 ); except, perhaps, for those tanks that ballast in areas notably under freshwater influence in which cyanobacteria and chlorophytes may dominate (e.g. Olenin et al. 2000) . Diatom assemblages were a mixture of planktonic species (e.g. Asterionellopsis glacialis, Ditylum brightwellii, Pseudo-nitzschia spp., Thalassionema nitzschioides) and taxa commonly found in association with seafloor sediments in nature (e.g. Cymatosiraceae, Raphoneidaceae). Resting spores, mostly of Chaetoceros spp., were frequently found in ours as in other studies of ship ballast waters (Klein et al. 2009a ) and sediments (Hallegraeff & Bolch 1992) . The following genera stood out in terms of recurrence and/or cell concentrations: Actinocyclus, Actinoptychus, Aulacoseira, Cyclotella, Chaetoceros spores, Melosira, Neodenticula, Paralia, Skeletonema, Thalassiosira, and Stephanodiscus. Some of these (Aulacoseira, Stephanodiscus) , in association with the presence of the chlorophytes Pediastrum and Desmodesmus, indicate a strong and lasting contribution of freshwater biota. This is not surprising, since low salinity residues of ballast taken in brackish/freshwater ports have been found in tanks that underwent offshore exchange (e.g. Olenin et al. 2000 , Villac et al. 2001 , McCollin et al. 2007 , Klein et al. 2009b .
Based on an inventory of diatoms documented for the eastern and western Canadian coastal waters (Mather et al. 2010) , our preliminary list of potential (still confined in the tank) new records includes 18 species to the WC and 8 species to the EC (Table 4) . If these species are found in the natural environment, the hypothesis of their recent introductions ought not to be accepted uncritically as the following examples illustrate. (1) Asterionellopsis glacialis and Thalassionema nitzschioides, known to occur in adjacent waters of the Pacific USA (Cupp 1943) , could be (also) transported by currents.
(2) Paralia longispina is a recently described species (Konno & Jordan 2008 ) of largely unknown biogeography and potential for hosting cryptic diversity (M. MacGillivary pers. comm.); until now only a few routine investigations using electron microscopy have differentiated this species from the most often cited congener, P. sulcata. (3) Pseudo-nitzschia turgidula, a toxin producer, also requires electron microscopy for positive identification. Aulacoseira spp., Fragilaria crotonensis, Asterionella formosa, and Melosira varians are chiefly freshwater species (Wehr & Sheath 2003) and thus good candidates to be classified as non-indigenous in coastal environments; nevertheless, as demonstrated by their records on the EC, the occurrence of Aulacoseira spp. and M. varians can be attributed to local freshwater input and temporary survival in brackish conditions commonly found in port areas. The large number of 'first records' undoubtedly also reflects the scarcity of baseline floristic data for these regions.
Actual propagule pressure
As a whole, only 36 and 60% of the ships investigated on the WC and EC, respectively, contained dia- . Growth curves (and respective growth rates) for 10 ballast sediment samples counted using fluorescein diacetate (FDA), each represented by a different line, although lowest range corresponds to 5 lines roughly superimposed on each other. Starting point is standardized to 100 cells g -1 wet weight, the lowest range of potential inoculation found in all samples (preserved plus live) analyzed in the present study toms detected by our methods. It is important to emphasize that 'undetectable' does not mean absent and that it follows that reduced risk does not mean 'no risk'. This is at the heart of the difficulty in establishing bioinvasion patterns, given the complexity superimposed by each step involved in the filter barrier paradigm (Carlton 1985) . Early detection of NIS is a key component in bioinvasion risk assessments (Reaser et al. 2008 ) and a more in-depth discussion about the resolution power of our analysis, indicated in Fig. 1 , is provided in the supplement at www-int-res.com/ articles/supp/m425p047_supp.pdf.
The data set of 118 samples from arrivals to Canadian ports during 2007 and 2008 represents a small sub-set of total ship arrivals. For comparison, estimated arrivals in a 12 mo period between 2006 and 2007 were 4122 in the WC and 3583 in the EC (B. V. Lo et al. unpubl. data) . If the total concentration of cells detected in our study is extrapolated to 36% of arrivals to the WC and 60% to the EC, the amount of diatoms transported in ballast sediments during our 2-yr period would be equivalent to, respectively, 1 × 10 13 cells and 3.6 × 10 13 cells. This is a conservative approximation that considers only 1 tank per ship. The vast majority of the ships investigated were bulk carriers and oil tankers (Tables 1 & 2) equipped with several tanks of varying capacity, which indeed represent the largest contribution to ship traffic and volume of ballast transport in both regions (B. V. Lo et al. unpubl. data) . Unfortunately, ship routes of these types of vessels are less consistent than those of general cargo and container ships, posing a challenge to bioinvasion risk assessment (Kaluza et al. 2010) . In contrast, the more predictable routes of container ships would bring less ballast, but repeatedly from the same regional seed stock.
The Pacific and Atlantic coasts are each subject to particular ship traffics and will likely require different management practices. Our analysis indicates that all ship categories that reach the WC should receive the same level of concern (no statistical difference found) and, in comparison with the EC ships, the incoming flora seems to be more diverse and with a higher number of potential NIS. For the EC, the ICU ships represented a potential for a bioinvasion pattern based on more frequent events, though with consistently lower diatom cell concentrations whereas ICE and TOE ships showed a pattern of less frequent events, though of higher magnitude and less predictable. Such reasoning, based on the concept of propagule pressure with actual diatom concentrations, may support risk assessment plans in the ports of entry, which range from all ships being subject to management to a selective approach that takes into account different levels of risk posed by a given ship route (Gollasch et al. 2007 , IMO 2007 .
The suggestion that ballast water exchange has reduced the frequency of propagule pressure of diatoms accumulated in the sediments, especially in the EC, is a welcomed result, although with 2 caveats. First, this does not mean that TOE and ICE ships should escape scrutiny, since a number of tanks from these ships still had high diatom concentrations. The efficiency of ballast water exchange is highly variable and depends, among other factors, on site of exchange and tank and ship design , McCollin et al. 2007 , Taylor et al. 2007 . Even for those tanks that exchange a minimum of 95% ballast water volume offshore in accordance with international and Canadian regulations (IMO 2004 , Transport Canada 2006 , this does not necessarily equate to 95% organism removal as the organisms are not homogeneously distributed in a tank (e.g. Carlton 1985 , Rigby & Hallegraeff 1994 . Second, when ships are not able (thus not enforced) to comply with offshore exchange, as in intra-coastal voyages, ballast exchange is allowed in areas only 50 nautical miles from land and in waters 300 to 500 m deep (Transport Canada 2006) . In such cases, a still unknown quantity of diatom propagules of unknown composition is being discharged (and possibly taken up) close to shelf areas, where favorable growth conditions may exist for coastal species. Indeed, there are known cases when the highest cell concentrations were found in tanks with recently exchanged coastal water (e.g. McCollin et al. 2007 ), similar to some of our ICE ships on the EC (e.g. EC-71, EC-83; Table 2 ). Although ballast water exchange seemed to have also decreased species richness in some of our sediment samples, interpretation of these results is more complex than for bulk cell concentrations and should be regarded with caution. Consider 2 ships, identical in tank design and in their efficiency of ballast water exchange offshore: At the beginning of the voyage they have equivalent concentration of cells, but very different species numbers. The same given amount of cells deballasted offshore may lead to distinct outcomes in terms of species richness left in the tank due to differences in the original assemblages.
Effective propagule pressure
Most of our dataset is based on preserved samples for which protoplasm integrity was the sole means of distinguishing live from dead cells. The comparison between indicators of cell viability showed that protoplasm integrity gives results that are not statistically different from autofluorescence, although marginally different from vital stain FDA. The possibility of false negatives in the FDA signal as found in other studies (see Garvey et al. 2007) suggests that, if this were taken into account, FDA might give results closer to those provided by the other methods. In any event, similar testing with a broader data set is required to further investigate this issue. It is not our intent to 'elect' the best indicator of viability, since each one of these methods has its own set of advantages and limitations (see 'Introduction'). For those involved in ballast management, however, assessment of viability is essential for compliance with regulatory practices (see Regulation D-2, IMO 2004 ) and access to live samples has become mandatory; thus the need to consider the use of vital stains in such cases (Reavie et al. 2010) .
Actual growth is still a less disputable sign of viability. Viable diatoms have been found in ballast tanks, as demonstrated by incubation experiments with ballast waters (Subba Rao et al. 1994 , Rhodes et al. 1998 , Forbes & Hallegraeff 2002 , McCarthy & Crowder 2000 , Marangoni et al. 2001 , Burkholder et al. 2007 ) and ballast sediments (Hallegraeff & Bolch 1992 , Kelly 1993 , Pertola et al. 2006 , although growth rate potentials had not been quantified before. In our case, the sum of all diatoms detected in the live samples at arrival was 5.4 × 10 9 cells (12 ICU ships calling on Saint John harbor within 2 wk; Table 2 ). If complete deballast of sediments and growth had been possible, local waters could have harbored 10 10 to 10 11 newcomers after 7 d. Unlike some dinoflagellates, most diatoms do not require a dormancy period and, given favourable conditions, start asexual multiplication (normal growth state for most diatoms) within 24 h (McQuoid & Hobson 1996) . This exercise demonstrates that our earlier estimate of 8.7 × 10 12 cells arriving in ballast sediments to various ports on the EC in 2007 to 2008 is conservative. Indeed, a conservative approach is called for, considering that our laboratory culturing conditions represented ideal growth in an environment where grazers and other sources of losses were absent.
It is fair to assume that if the ballast water is treated during the voyage and complies with standards established by regulations that allow for deballast at the port, then the organisms found in suspension from the sediment would have also been treated and reduced in abundance. However, how much of the remaining sediment is re-suspended during the actual deballast due to pump operations, and inoculated into the environment at the receiving port, is still an important missing piece in the chain of events leading to NIS introductions. For the case of the port of Saint John exercise discussed above, if only 1% of the diatoms in the tank sediments were actually re-suspended and deballasted, given 7 d of growth, the environment might have harbored 10 8 to 10 9 newcomers. The unfortunate experience in the Great Lakes with unmanaged ballast for NOBOB ships clarified the importance of ballast sediments as a source of NIS seed stocks (Ricciardi 2001) . And these seed stocks, according to our experiments, can comprise not only fast-growing species such as small diatoms with a high surface-to-volume ratio (e.g. Cyclotella choctawhatcheena, Miniduscus chilensis, Opephora guenter-grassii; Table 4 ), but also large-sized diatoms that were even below our detection level at first (Ditylum brightwellii, Leptocylindrus danicus, Mediopyxis helysia). The rapid response of large diatoms, after periods under unfavorable conditions inside a ballast tank, could be attributed to their capability of nitrogen storage in large vacuoles and the lack of physiological constraints to growth at very low light levels, as shown for some other large species in culture and in nature (Goldman & McGillicuddy 2003 , Litchman et al. 2009 ).
Diatoms can remain viable for long periods in the dark and at cold temperatures (ca. 5°C). In fact, several species grew from ballast sediments that had been stored for 6 mo (Hallegraeff & Bolch 1992) and from natural sediments stored for 4 yr (Lewis et al. 1999) . Diatoms show alternate modes of nutrition (mixotrophy), as may be the case of Nanofrustulum shiloi, which is found in ballast tanks (Klein et al. 2009b ) but known among other diatoms in nature as well. At least 150 diatom species are known to produce resting spores or resting cells as a long-term survival strategy (McQuoid & Hobson 1996) although we suspect that the list of those that form resting cells is highly underestimated, judging from the taxa that grew from ballast sediments (e.g. Asterionellopsis glacialis, Mediopyxis helysia, Pleurosigma/Gyrosigma ssp., several members of the family Raphoneidaceae) by us and others (Hallegraeff & Bolch 1992 , Kelly 1993 , Waters et al. 2001 , for which resting cells have not been reported in the literature.
CONCLUSIONS
We quantified diatoms in the sediments of ballast tanks of ships arriving to Canadian ports during 2007 to 2009 as ranging from non-detected to 10 11 cells per tank. Diatom diversity was as high as 40 taxa per tank, including organisms in resting stages and cells that were supposedly growing vegetatively. Our estimates of propagule pressure indicated different bioinvasion patterns for the WC and EC, according to distinct ship categories. Upon recovery from the ballast sediments, in vitro growth rates (1.8 to 4.4 doublings wk -1 ) of these diatoms provided further insights into NIS growth potential in destination ports. As part of a wider survey of Canadian aquatic systems, the CAISN program, these assessments may be incorporated into conceptual and predictive models aiming to understand general trends in microbial bioinvasions mediated by shipping as well as supporting risk assessment plans in the ports of entry.
As we acknowledge existing challenges involved in supporting a bioinvasion hypothesis for microorganisms (e.g. inadequately known microbial diversity and geography, insufficient methods of detection), we observe that these challenges have already been met by the use of paleontological and molecular data for several micro-eukaryotes without any evidence that they may be non-representative and exceptional cases. In the meantime, cell concentrations found by this and other studies, even without species identification, should suffice to support management decision making, especially if one evokes facilitative interactions as a model to explain and predict bioinvasions. This 'meltdown model' (Ricciardi 2001 , and references therein) states that ecosystems become more easily invaded as the cumulative number of species introductions increases. There is no need to identify all species in order to anticipate that the effects of NIS (or genetic lineages) of diatoms on the base of the food web will eventually project into other trophic levels. 
